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HIGHLY POROUS COATED FINE 
PARTICLES, COMPOSITION, AND METHOD 

OF PRODUCTION 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application claims priority based on U.S. pro 
visional application No. 60/663,737, filed Mar. 22, 2005, and 
U.S. provisional application No. 60/665,932, filed Mar. 29, 
2005, which are incorporated herein by reference. 

BACKGROUND 

0002 The present invention relates to a material com 
prised of particles of a highly porous, low density material in 
which the pore chambers have been at least partially evacu 
ated and refilled with a gas having a low thermal conductivity, 
and the obtained particles are encapsulated with a protective 
and durable coating. The invention also relates to Such par 
ticles, compositions and articles comprising Such particles, 
and methods for producing the particles. The material of the 
invention is particularly useful as durable thermal insulating 
material. 
0003. One known group of highly porous, low-density 
material which has very low thermal conductivity consists of 
the materials commonly referred to as “aerogels' or “xero 
gels', which terms will be used interchangeably in the 
description of the present invention. In its conventional mean 
ing, the term “aerogel is used to describe a material obtained 
by drying a wet sol-gel at temperatures above the critical 
temperature and at pressures above the critical pressure. 
Under such conditions, the removal of the gel liquid, for 
example, water, from the sol-gel results in a porous structure 
without damaging the structure of the gel, so that a high 
porosity is obtained. Traditionally, the product obtained by 
drying at conditions below Supercritical conditions is known 
as a "Xerogel', which has a lower porosity, with at least some 
of the pore structure being damaged during the drying pro 
cess. Since the process of drying under Supercritical condi 
tions is very energy intensive and costly, attempts have been 
made to produce Xerogels which approximate the properties 
of aerogels. For example, U.S. Pat. No. 5,565,142 describes 
“an extremely porous Xerogel dried at vacuum-to-below 
Supercritical pressures but having the properties of aerogels 
which are typically dried at Supercritical pressures. This is 
done by reacting the internal pore surface of the wet gel with 
organic Substances in order to change the contact angle of the 
fluid meniscus in the pores during drying.” 
0004 Silica aerogels were the first extensively studied 
aerogels. However, aerogels and Xerogels may be made with 
a wide range of chemical compositions. In addition to inor 
ganic aerogels other than silica aerogels, there are organic 
aerogels prepared from organic polymers and sometimes 
called "carbon aerogels.” 
0005 Aerogels and xerogels can also be surface treated to 
alter their properties. For example silica aerogel can be made 
less hydrophilic by converting the surface OH groups into OR 
groups (wherein R is an aliphatic group). U.S. Pat. No. 6,806, 
299, the content of which is incorporated herein by reference 
in its entirety, discloses the preparation of hydrophobic 
organic aerogels. 
0006 Aerogels are known to have excellent thermal insu 
lation properties, and Xerogels having a porosity and pore 
structure approximating those of aerogels are also good insu 
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lators. Aerogels and Xerogels have been the Subject of Scien 
tific and commercial investigation for use as the thermally 
insulating component of a variety of thermal barriers and in a 
variety of applications. Examples of current commercially 
available aerogel forms include fine particles, beads, or slabs 
at ambient air pressure. However, the optimal thermal resis 
tance values of aerogels are obtained when they are in a 
vacuum. Aerogels in the form offine particles, beads, chunks, 
blocks, or slabs have been vacuum sealed in plastic wrap or 
containers, for example, as described in U.S. Pat. No. 6,132, 
837. These “shrink wrapped’ or vacuum-sealed forms of 
aerogel insulating material are relatively large, as compared 
to the individual particles. They are not as versatile in that 
they cannot be incorporated or blended into different medium 
in the same manner as the particles. These pieces are not 
readily usable in the construction business, in industrial set 
tings, or for installation by consumers. 
0007. The unwrapped forms of aerogel insulating material 
described above suffer from a lack of durability, and cannot 
be used in harsh environments or in the presence of abrasive 
materials. They also suffer from absorption into the aerogel 
pores of moisture, oils, etc., with a corresponding loss of 
thermal resistance due to increased overall density and ther 
mal conductivity. The shrink-wrapped form of aerogel insu 
lating material experiences loss of vacuum over time, with a 
corresponding loss of thermal resistance. 

SUMMARY OF THE INVENTION 

0008. The present invention overcomes the deficiencies 
inherent in the use of highly porous material Such as aerogels 
for insulation as known in the prior art. 
0009. One goal of the present invention is to provide insu 
lation in the form of discrete units, i.e., particles of a highly 
porous, low density material, in which the air in the pore 
chambers has been at least partially evacuated and a gas 
having a low thermal conductivity approaching Zero has been 
introduced into the pore chambers, which particles are then 
encapsulated in a durable, abrasion resistant, extremely thin 
coating of material which itself has an inherent low thermal 
conductivity. In the case the highly porous, low density mate 
rial is an aerogel or Xerogel, the coated discrete units of the 
thus treated aerogel or Xerogel are characterized by a thermal 
conductivity approaching that of an aerogel or a Xerogel in a 
perfect vacuum, approximately 0.008 W/mK, as opposed to 
that of an air-filled aerogel or Xerogel at ambient pressure, 
approximately 0.017W/m K. The coated particles are further 
characterized by high resistance to abrasion, shear, or pen 
etration of the internal pore structure of the aerogel or Xerogel 
by any material which would reduce the thermal resistance of 
the aerogel or Xerogel structure. 
0010. Another goal of the present invention is to provide a 
composition comprising the coated and treated porous par 
ticles described above, and methods for preparing Such par 
ticles and Such compositions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0011 FIG. 1 is a schematic diagram depicting a viscous 
flow reactor for atomic layer deposition for preparing an 
embodiment of the coated particles according to the inven 
tion. 

DESCRIPTION OF THE INVENTION 

0012. The present invention provides insulating material 
in the form of discrete units or particles of highly porous 
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material in which the air in the pore chambers has been at least 
partially evacuated and a gas having a low thermal conduc 
tivity approaching Zero has been introduced into the pore 
chambers, and the particles are then encapsulated in a 
durable, abrasion resistant, extremely thin coating of material 
which itself has an inherent low thermal conductivity. The 
obtained particles are referred to as “finished particles' in the 
present application. 

(i) The Particles of Highly Porous Material 
0013 The highly porous particles used in the invention are 
made of a material which is obtained by drying a sol-gel, and 
have a porosity of at least 80% and a particle size in the range 
from 1 um to 5.0 mm. The chemistry and the production of 
Such materials derived from a sol-gel are well documented in 
the chemical literature, which discloses various methods for 
drying the Sol-gel and for modifying its Surface properties. 
Such material includes, but is not limited to, aerogels and 
Xerogels. 
0014) Aerogels, and xerogels which have the required 
high porosity approximating the porosity of aerogels are Suit 
able for use in the present invention. Specifically, inorganic 
aerogels, such as silica aerogels, and other inorganic aerogels 
may be used, as well as aerogels prepared from organic poly 
mers, sometimes called “carbon aerogels.” Inorganic Xero 
gels and organic Xerogels are also suitable for use in the 
present invention, provided that they have properties similar 
to aerogels. Chemically modified aerogels are also suitable 
for use in the present invention, as well as chemically modi 
fied Xerogels that have properties similar to those of aerogels. 
0015 The highly porous particles suitable for the inven 
tion include, but are not limited to, aerogel particles prepared 
by a process wherein the wet sol-gel is dried under Supercriti 
cal pressure, and Xerogel particles prepared by a process 
wherein the wet sol-gel is dried at a pressure below the super 
critical pressure. Particles of amorphous silica aerogels or 
Xerogels may be used, as well as particles of carbon aerogels 
or Xerogels. 
0016. The size of the highly porous particles suitable for 

this invention is in the range of from 1 um to about 5.0 mm. In 
one embodiment of the invention, ultrafine particle are used 
which have a particle size in the range from 1 um to 1,200 um, 
preferably from 1 um to 500 um, and more preferably from 1 
um to 15 Jum. In another embodiment of the invention, par 
ticles having a size in the range from about 1.0 mm to about 
5.0 mm are used. 
0017. The highly porous particles used in the invention 
have a porosity of at least 80%, and preferably at least 90%, 
the porosity being a measure of the proportion of the Volume 
of the particles that is taken up by air. 
0018. The shape of the particles is not particularly limited 
and includes irregular shapes as well as Smooth and sym 
metrical shapes. 
0019. The highly porous particles typically have small 
pores with a pore size not exceeding 50 nm. In an embodiment 
of the invention, the particles are characterized by a pore size 
of about 20 nm. 
0020. By virtue of having a high porosity as well as a small 
particle size, the particles suitable for use in the invention 
have a high Surface area, for example in the range from 600 to 
800 m/g. 
0021. The aerogel or xerogel from which the highly 
porous particles are made may be hydrophobic or hydro 
philic. In one embodiment of the invention, the aerogel or 
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Xerogel is a non-metal oxide aerogel or Xerogel in which the 
hydrogen atom in terminal —OH groups is substituted by a 
non-polar group which imparts hydrophibicity to the aerogel 
or Xerogel. In another preferred embodiment, the aerogel or 
Xerogel is a carbon aerogel or Xerogel of an organic com 
pound, in which the hydrogenatom in terminal —CH groups 
is Substituted by a non-polar group which imparts hydrophib 
icity to the aerogel or Xerogel. 
0022. The aerogels and xerogels suitable for use in the 
invention may be prepared by methods known in the art, and 
are available from commercial Suppliers. 

(ii) The Replacement Gas. 
0023. Any gas having a low thermal conductivity 
approaching Zero may be used to replace the air in the pore 
chambers. The selection of the gas may be made by those of 
ordinary skill in the art in view of the specific applications, 
taking into consideration the additional factors of cost, tox 
icity, influence of the molecular weight of the gas on the 
thickness of the specific coating material deposited on the 
aerogel, etc. Nitrogen has a sufficiently low conductivity 
(0.0002598 W/cmK) for certain applications and has the 
advantage of being commonly available. Xenon is preferred 
for some applications because it has a very low thermal con 
ductivity of 0.0000569 W/cmK, is chemically inert, and is 
economically priced. Krypton is also Suitable, having a 
slightly higher thermal conductivity than Xenon, but a lower 
price. Radon has an even lower thermal conductivity than 
Xenon and krypton, and may be used in applications where the 
risk of exposure to humans is minimal. 
(iii) The Protective Coating. 
0024. The material for the protective coating is character 
ized by the ability to form a continuous, strong and imperme 
able protective shell around the highly porous particle, in the 
desired thickness in the range of 5 nm-0.5 mm. This material 
must have a low thermal conductivity. The coating material is 
selected to have a melting point Sufficiently higher than the 
maximum temperature of the environment and application for 
which the finished particles are used. Suitable compounds 
from which the coating material may be selected include ethyl 
cellulose, ethylene vinyl acetate, hydroxypropylmethyl cel 
lulose phthalate, waxes, acrylic resins, epoxy resins, other 
synthetic polymers, metal oxides, and the family of polymers 
described as poly-para-xylylene polymers (known by the 
generic name parylene) commonly used as conformal coat 
1ngS. 
0025. The material for the protective coating is selected 
taking into consideration the following factors: the desired 
level of low thermal conductivity, the abrasion resistance and 
impact resistance required of the finished particles, and the 
nature of the product into which the finished particles will be 
incorporated as the principal constituent material. The thick 
ness of the coating is determined taking into consideration the 
size of the substrate particle, the thermal conductivity of the 
coating material, and the desired end use for the particles. The 
total volume of the coating should be smaller than the volume 
of the substrate particle, preferably not more than 50% of the 
volume of the particle, and more preferably not more than 
20% of the volume of the particle. 
0026. SiO, is a preferred embodiment of the protective 
coating. Through atomic layer deposition SiO2 can be applied 
to form a layer of a thickness of at most 40 nm, preferably 20 
nm, and more preferably in the range of 12-14 nanometers, so 
that its inherent thermal conductivity has insignificant impact 
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on the thermal insulating properties of the finished particles. 
The most significant characteristics of SiO for this applica 
tion are that SiO provides a hermetic seal around the par 
ticles, has a melting point (1830°C.) that is higher than the 
melting point of the coated particles, has excellent resistance 
to thermal shock, relatively high tensile strength, relatively 
high compressive strength, and can be surface modified to be 
hydrophobic, hydrophilic, or neutral, which is a further 
important characteristic for this application. 

(iv) Preparation of Finished Particles 

0027. Known methods for applying thin Win continuous 
coatings to Small particles may be used for preparing the 
finished particles. Examples are known methods for encap 
Sulating medicinal particles in a coating of a specific and 
uniform thickness to control the rate of release of the medi 
cine to the body after ingestion. Such methods include fluid 
ized bed coating, powder blending, mechanofusion process 
ing, and application of the coating as a fine mist using high 
Velocity gas flow to keep the particles in Suspension and in 
motion. In using any of these methods to coat the particles of 
the invention, the coating materials are distinguished from 
those used in the pharmaceutical industry in that they are not 
designed to degrade, but are selected so as to retain their 
structural integrity over time, and provide a permanent, con 
tinuous protective coating around the particles. Other 
examples of Suitable coating methods are those used in the 
electronic industry for depositing thin layers in the fabrica 
tion of semiconductor devices, for example chemical vapor 
deposition. 
0028. The specific coating process is selected taking into 
consideration the nature of the coating material, which itself 
is determined by the end use application of the particle and the 
Volume of particulate product required for the application. 
0029. In an embodiment of the process for preparing the 
finished particles, the highly porous particles are placed in a 
closed chamber used for the coating process. The chamber is 
evacuated. Then the exchange gas, for example nitrogen or 
Xenon, is introduced into the chamber. The coating material, 
or one or more precursor for the coating material, is then 
introduced into the closed chamber without introducing air or 
releasing the exchange gas. The coating of the particles in the 
closed chamber is initiated and carried out until completion. 
Upon completion of the coating process, the exchange gas 
which was not encapsulated in the particles, the unused coat 
ing material or precursor, and any reaction products are 
evacuated from the chamber. Finally, air is reintroduced into 
the chamber until the pressure is at ambient level, the chamber 
is opened, and the finished particles are collected. 
0030 A preferred embodiment of the process for coating 
the porous particles is the special chemical vapor deposition 
method known as atomic layer epitaxy or atomic layer depo 
sition (ALD). In the ALD process, the substrate is exposed 
sequentially to each of two or more gaseous reactants, in 
contrast to conventional chemical vapor deposition in which 
the Substrate is exposed to all the gaseous reactants simulta 
neously. By limiting the Substrate exposure to a single gas 
eous reactant which undergoes a self-limiting reaction at the 
surface of the substrate, it is possible to control the charac 
teristics of each deposited layer and of the final coating result 
ing from the sequential exposure to all the gaseous reactants. 
ALD has been further developed for specific use in coating 
particles. Examples of Such particle coating by ALD are 
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described in U.S. Pat. Nos. 6,613,383 and 6,713,177, which 
are incorporated therein in their entireties. 
0031. In a preferred embodiment of the invention, the 
highly porous particles are coated with a thin layer of SiO. 
The SiO, may be deposited on the porous particles by ALD 
using precursors for SiO, deposition, for example triethyl 
aluminum combined with tris (tert-butoxy) silanol, as 
described in Hausman et al., “Rapid Vapor Deposition of 
Highly Conformal Silica Nanolaminates’, Science, 2002, 
298, 402–406. In this preferred embodiment, the openings of 
the pores of the porous particles are sealed and the outer 
Surfaces of the porous particles are simultaneously coated 
with a layer of SiO, approximately 10-12 nanometers thick. 
The initial surface reaction with trimethyl aluminum deposits 
Al on the Surface of the porous particles, providing a catalytic 
surface for the subsequent atomic layer deposition of SiO, 
from a silicon precursor. Examples of the silicon precursor 
are tris(tert-butoxy) silanol, tris(tert-pentoxy) silanol, and tris 
(isopropoxy) silanol. The ALD is conducted in an inert gas 
atmosphere consisting of the exchange gas. The pores of the 
finished particles contain the exchange gas at a low pressure, 
preferably about 0.01 atmosphere. 
0032. The finished particles are highly porous particles 
wherein the pore openings at the Surface of the particles are 
sealed with a thin coating which also covers the Surfaces of 
the particles, and the pore chambers are filled with an inert gas 
at a low pressure. In other embodiments of the invention, 
subsequent modifications of the surface chemistry of the fin 
ished particles, for example by known chemical modification 
methods, may be carried to impart hydrophobic or hydro 
philic properties to the Surfaces of the particles, as required 
for particular applications. 
0033. The following example further illustrates aspects of 
the invention. It should be understood that the example is not 
intended to limit the invention, and that various changes may 
be made by those skilled in the art without changing the 
essential characteristics and the basic concepts of the inven 
tion. Unless otherwise indicated, all parts, percentages, 
ratios, etc., in the examples and the rest of the specification are 
in terms of weight. 

Example 

0034 Fine particles of silica aerogel available from Cabot 
Corporation (NANOGEL Product Number TLD 201), having 
a particle size in the range of 5 to 15um and a pore diameter 
of approximately 20 nm, were pressed into a tungsten grid 
using polished stainless Steel dies and a manual press. The 
grid had dimensions of approximately 2 cmx3 cm with a 
thickness of 0.002 in. and 100 lines per inch. 
0035. The grid thus loaded with particles was placed on a 
substrate holder (2) in the flow tube (3) of a viscous flow 
reactor for ALD represented schematically in FIG. 1, in 
which (4) are heaters, (5) is a throttle valve, (6) is a mechani 
cal pump drawing the gas flow through the flow tube, which 
has a 3.5 cm inside diameter and is approximately 60 cm long. 
Ultra-high purity nitrogen (7) is Supplied to mass flow con 
trollers with maximum throughput of 500 sccm on the reac 
tant lines for water (8), trimethylaluminum (TMA) (9) and 
tris(tert-pentoxy) silanol (10). Pulses of dionized water, semi 
conductor grade (high purity) TMA, and high purity tris(tert 
pentoxy) silanol are alternately injected into the nitrogen 
carrier gas stream by gas Switching valve units (11). The 
reactor is controlled through a personal computer equipped 
with analog and digital input/output boards. Further descrip 
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tion of this reactor may be found in Elam et al., “Viscous flow 
reactor with quartz crystal microbalance for thin film growth 
by atomic layer deposition’. Review of Scientific Instru 
ments, 2004, 73(8), 2981-87. 
0036 SiO, was deposited on the aerogel particles in the 
above described reactor under the conditions set forth below: 

Temperature: 175° C. 
0037 Nitrogen flow rate: 100 sccm 
Base pressure: 0.65 Torr 
Precursor heated to 130° C. 
Deposition by viscous flow method consisting of the follow 
ing Successive stages: 

0038 1. Ten doses of 1 second each (400 mTorreach) of 
water, followed by a 45-second purge. 

0039 2. Fifteen doses of 2 seconds each (500 mTorr 
each) of TMA, followed by a 45-second purge. 

0040. 3. Ten doses of 1 second each (400 mTorreach) of 
water, followed by a 45-second purge. 

0041. 4. Fifteen doses of 2 seconds each (500 mTorr 
each) of TMA, followed by a 45-second purge. 

0042 5. Fifteen doses of 1 second each (500 mTorr 
each) of tris (tert-pentoxy) silanol, followed by a 120 
Second purge. 

0043. At the end of the deposition process the coated aero 
gel particles recovered from the grid were opaque white in 
appearance, as contrasted to the translucent white appearance 
of the uncoated aerogel particles. 
0044. The finished particles according to the invention 
present many advantages over untreated and uncoated par 
ticles. They are particularly useful in severe service environ 
ments because they are not fragile, but are durable and abra 
sion resistant. Their protective coating also prevents 
absorption of liquids, oils or other Substances into the pore 
chambers, thus preventing the resultant loss of thermal insu 
lating power. 
0045 Another advantage of the finished particles accord 
ing to the invention is their coating can be made verythin, as 
thin as 10-30 nm, therefore adding little to the thermal con 
ductivity of the porous material, especially when the coating 
material itself has an inherent low thermal conductivity. 
0046. The finished particles according to the invention can 
be incorporated into insulating compositions and compo 
nents, or used as stand alone insulation material. 
0047. Other embodiments of the present invention will be 
apparent to those skilled in the art from consideration of the 
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specification and practice of the invention disclosed herein. It 
is intended that the specification and examples be considered 
as illustrative only, with the true scope and spirit of the inven 
tion being indicated by the following claims. 
What is claimed is: 
1. Particles of a material having a porosity of at least 80% 

and pore chambers filled with a gas having a low thermal 
conductivity, wherein the particles are encapsulated in a pro 
tective, durable coating having a thickness of at most 0.5 mm. 

2. Particles as in claim 1, which have a porosity of at least 
90%. 

3. Particles as in claim 1, which have a particle size from 1 
um to 5 mm. 

4. Particles as in claim 1, which have a particle size from 1 
um to 1,200 um. 

5. Particles as in claim 1, which have a particle size from 1 
um to 500 um. 

6. Particles as in claim 1, which have a particle size from 1 
um to 15um. 

7. Particles as in claim 1, which have a particle size from 1 
mm to 5.0 mm. 

8. Particles as in claim 1, which are amorphous silica 
aerogel particles. 

9. Particles as in claim 1, which are amorphous silica 
Xerogel particles. 

10. Particles as in claim 1, which are carbon aerogel par 
ticles. 

11. Particles as in claim 1, which are carbon Xerogel par 
ticles. 

12. Particles as in claim 1, wherein the coating has a thick 
ness of at most 40 nm. 

13. Particles as in claim 1, wherein the coating has a thick 
ness of at most 20 nm. 

14. Particles as in claim 1, wherein the coating is SiO, 
15. Particles as in claim 1, wherein the coating is SiO, 

deposited by atomic layer deposition. 
16. Particles as in claim 1, wherein the gas having a low 

thermal conductivity is nitrogen. 
17. Particles as in claim 1, wherein the gas having a low 

thermal conductivity is Xenon. 
18. A material comprising particles as in claim 1. 
19. An article comprising particles as in claim 1. 
20. A composition comprising particles as in claim 1. 
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